The effects of chronic dynamic exercise on myocardial /3-adrenergic and muscarinlc cholinergic receptors and chronotropic sensitivity to isoproterenol were studied in 5 Yucatan miniswine. Right atrial and left ventricular biopsies, heart rate responses to isoproterenol, and maximal exercise treadmill testing were obtained before and after 10-19 weeks of treadmill running. Radioligand studies using lS I-iodocyanopindolol (ICYP) and 3 H-quinuclidinyl benzilate (QNB) were used to determine the number of /3-adrenergic and muscarinic cholinergic receptors. Maximal oxygen consumption increased from 52 ± 5 to 65 ± 7 ml/kg/min (mean ± SD; p<0.02), maximal workload from 530 ± 111 to 1,074 ± 179 KPM/min (p<0.01), resting heart rate decreased from 91 ± 13 to 62 ± 4 beats/min (p<0.01), heart rate at 75% of pretraining maximal workload decreased from 253 ± 15 to 196 ± 12 beats/min (p<0.01), and maximal exercise heart rate decreased from 273 ± 6 to 254 ± 9 beats/min (p<0.01). Decreased heart rate responsiveness to adrenergic stimulation was observed following chronic exercise. Maximal isoproterenol-stimulated heart rate decreased from 225 ± 13 to 185 ± 28 beats/min ( p < 0.05) and the slope of the isoproterenol dose-response relation decreased from 63 ± 16 to 40 ± 16 (p<0.05). Radioligand studies revealed a decrease in /3-receptor number in the right atrium following chronic exercise (61 ± 9 vs. 34 ± 8 fmol/mg; p<0.02), but receptor number in membranes from the left ventricle did not change (60 ± 9 vs. 62 ± 4 fmol/mg). There was no change in muscarinic cholinergic receptor number in right atrial membranes following the training period (204 ± 73 vs. 230 ± 92 fmol/mg). Thus, chronic dynamic exercise results in down-regulation of /9adrenergic receptors in the right atrium and is associated with reduced chronotropic responsiveness to exercise and isoproterenol stimulation.
H eart rate is altered by chronic dynamic exercise. Resting bradycardia has been observed in most species studied.'" 3 Furthermore, heart rate response to submaximal workloads is decreased, 34 and maximal heart rate also may be diminished. 56 Withdrawal of vagal tone is complete at low workloads, and further increases in heart rate are achieved by increased sympathetic neural activity and circulating catecholamines. Thus, decreased heart rate response at high workloads reflects either diminished adrenergic tone or decreased responsiveness. Although lower levels of catecholamines are found at matched moderate workloads in humans following chronic exercise, circulating catecholamines are increased or unchanged at high workloads. 78 Therefore, decreased responsiveness to adrenergic stimulation must occur to account for relative bradycardia at high intensity effort.
An inverse relation between receptor number and level of agonist stimulation has been observed. 9 Although /3-receptor down-regulation is a compelling explanation of the paradox of decreased heart rate in the presence of increased catecholamines at high workloads following chronic dynamic exercise, no evidence for down-regulation of myocardial /3-adrenergic receptors is available. 10 " However, previous studies have measured receptor number in homogenates of left ventricle or whole heart. Since depolarization of the sinoatrial node determines heart rate, tissue from the right atrium may best reflect receptor-dependent changes in heart rate.
Work from our laboratory has established the pig (Sus scrofd) as amenable to long-term treadmill running. Pigs respond to chronic dynamic exercise with significant reductions in chronotropic response Co submaximal and maximal workloads. 12 Furthermore, the pig heart is sufficiently large to permit serial biopsy samples of right atrium for the study of myocardial /3receptor response to chronic dynamic exercise.
This study was designed to test the hypothesis that chronic dynamic exercise decreases /3-adrenergic receptors in the right atrium of pigs and that this decrease is associated with a decreased heart rate response to both exercise and isoproterenol stimulation in con-scious animals. Additionally, the effects of exercise training on right atrial muscarinic cholinergic receptor number were determined.
Materials and Methods
Five sexually mature Yucatan miniswine (Sus scrofa; 3 males, 2 females), 9 ± 1 months of age, weighing 26 ± 5 kg, were studied before and after chronic dynamic exercise. Three additional female pigs, 11 ± 4 months old, weighing 34 ± 8 kg, served as sedentary controls for the pharmacologic and /3adrenergic receptor studies.
Surgical Procedure
Animals were sedated with thiamylal sodium (25 mg/kg i.v.), intubated, and anesthetized with 1% halothane. Catheters were placed aseptically in an external jugular vein. Distal ends of the catheters were tunneled subcutaneously toward the spine and exited in the interscapular area. A left thoracotomy was performed, the right atrial appendage located, and the distal portion excised (500 mg wet weight), cleared of blood, wrapped in foil, and put into liquid nitrogen (-70° C).
Left ventricular tissue was obtained from the anterior free wall by means of a high speed electrical drill fitted with a hollow cylindrical bit with an inside diameter of 0.5 cm and a depth of 1.5 cm, suitable for taking transmural sections (400 mg wet weight). After removal of the drill, the hole was closed with a pursestring suture. The sample was put in foil and stored in liquid nitrogen. Prophylactic antibiotics (gentamicin and cefonicid) were given prior to surgery and continued for 2 days. Testing began following recovery from surgery (about 5 days). When the initial pharmacologic tests were complete, the animals were anesthetized with ketamine (50 mg/kg i.m.), and venous catheters were removed. After 8-12 weeks of treadmill running, venous catheters were replaced. The terminal procedure to obtain myocardial tissue occurred after all pharmacologic tests and maximal treadmill tests were complete, either 72 or 96 hours after the last training run. The conditions present when initial myocardial samples were obtained were duplicated. The heart was removed and placed in saline (0° C). The initial biopsy site on the right atrial appendage was located and another sample obtained from an adjacent area, making certain that no scar tissue was included in the sample. An area of the left ventricle in the region of the previous biopsy site that excluded scar tissue was excised. The left ventricle (septum included) was weighed, and tissue samples were stored in liquid nitrogen.
Pharmacologic Testing
Pharmacologic tests were conducted between 5:00 and 8:00 A.M. in a quiet, dark laboratory (21° C). With rare exception, the animals were asleep throughout the testing; restless animals were not tested.
INTRINSIC HEART RATE. Intrinsic heart rate, the rate following autonomic blockade with atropine and propranolol, was determined. 13 This measurement is thought to reflect intrinsic myocardial chronotropic function independent of influence from the autonomic nervous system. Previous work from our laboratory has shown that dosages of 0.2 mg/kg propranolol and 0.075 mg/kg atropine significantly block the influences of adrenergic and parasympathetic nerves on resting heart rate. 14 Measurements of intrinsic heart rate were made by administering propranolol over 2 minutes, waiting 5 minutes, and then injecting atropine over 1 minute. The heart rate 5 minutes after atropine injection was recorded as the intrinsic heart rate. Reported results are from 2 or 3 studies in both control and trained states.
ISOPROTERENOL DOSE-RESPONSE RELATIONS. ISOprOterenol dose-response relations were assessed by bolus i.v. injection of 1-isoproterenol with doses ranging from 0.01 to 2.0 fig/kg. The heart rate response was recorded until there was no further increase (usually 30 seconds). The 6-second period showing the largest increase in heart rate was defined as the maximal response. The heart rate was allowed to return to baseline between each dose of 1-isoproterenol. Injections were given until there was less than a 5% increase in change in heart rate; the preceding dose was chosen as the one that caused a maximal response. The relation between change in heart rate and the logarithm of the dose of 1-isoproterenol was examined by linear regression analysis. Two or 3 tests conducted on separate days were combined into a single linear regression in the control and trained state in each animal. Correlation coefficients ranged from 0.82 to 0.99 (x = 0.95 ± 0.04). To correct for weight gain, 1-isoproterenol doses were calculated as /xg/1 of blood volume. Blood volume was calculated from the body weight using previously published regression equations for the pig. 15 The slopes of the linear regression equation were compared between control and trained conditions. Additionally, the maximal heart rates obtained by isoproterenol administration were compared.
Maximal Exercise Protocol
Following completion of pharmacologic testing, the animals were run to exhaustion on a motor-driven treadmill using a graded protocol while heart rate was monitored and expired air collected with a closed system by mask. 16 Initial exercise tests were obtained within 2 weeks of the pharmacologic tests. Maximal effort was assessed by observing a plateauing of the relation between workload and heart rate as workload was increased. This was confirmed by a similar plateauing of oxygen consumption. Each test was repeated 2 or more times in control and trained states. During each exercise protocol, animals ran at a fixed speed, and grade was increased by 3% increments every 2 minutes. Expired air was collected during the final minute of higher stages. Heart rates were recorded during the last 20 seconds of each stage.
Exercise Training Protocol
After completion of pharmacologic and maximal exercise testing, chronic treadmill running was begun.
Initially, treadmill speed was 81 m/min and runs consisted of 5-minute stages at 3, 6, and 9% grade. Each week several minutes were added to the 9% grade stage so that each animal eventually ran 5 minutes at 3% and 6%, and 50 minutes at 9%. This protocol was repeated 5-6 times per week. Three animals were trained for 19 ± 1 weeks and 2 for 10 weeks, but running time was increased more rapidly in these 2 animals so that the number of weeks of running 60 minutes per day was not markedly different (9 ± 1 vs. 7 ± 1 weeks, respectively). Heart rates were monitored weekly, and treadmill speed was increased as necessary to achieve training heart rates 75% of control maximal heart rates. Mean speed for training runs was 97 ± 3 m/min, and workloads averaged 300 KPM/min per session. When animals showed a decline in heart rate at matched workloads and had trained at least 6 weeks at 60 min/day, venous catheters were replaced for final pharmacologic testing. Drug tests were performed in the morning and training runs were conducted after the drug tests. The minimal interval between training runs and pharmacologic testing was 20 hours.
The relation between workload and heart rate was assessed by linear regression. This relation was also examined independently of weight by comparing heart rate with product of grade and speed. Heart rates were compared at a workload 400 KPM/min and at an 18% grade at 81 m/min. Correlation coefficients for the linear regressions ranged from 0.68 to 0.96 (x = 0.85 ±0.09).
Blood samples for serum catecholamine measurements were obtained in the control and trained state during treadmill running. Samples were drawn after the animals were nearly exhausted, which occurred at 15 minutes in the control state and 60 minutes in the trained state. Serum epinephrine and norepinephrine were measured using the method of Durrett and Ziegler. 17 
Radioligand Binding
For preparation of membranes, frozen tissue was powdered and then homogenized in glass-glass homogenizing tubes (Kontes) and filtered through Nitex cloth (149 fxm). Since nonspecific radioligand binding to membranes collected from this homogenate was high (90% of total signal), the contractile protein extraction described by Baker et al 18 was performed. Homogenates were diluted with an equal volume of 1 M KC1, incubated at 4° C for 10 minutes, and then centrifuged (48,000g for 20 minutes). The pellet was suspended in homogenizing buffer and used directly in the binding assays. The final yield of protein, determined by the method of Bradford," was 3.75 mg per 100 mg of frozen powder, about half the paniculate proteins having been removed by the KC1 extraction, with no loss of /3-adrenergic receptors.
Beta-receptor binding assays were performed using l-l25 I-cyanopindolol (ICYP), prepared by the method of Engle et al. 20 Assays were performed in triplicate by incubating 150 //.I of membrane suspension with 50 /nl of ICYP (2, 200 Ci/mmol; 10 to 1,200 pM) and 50 /il of various /3-adrenergic agonists and antagonists for 60 minutes at 30° C in an oscillating water bath (120/min). Assays were terminated by the addition of 10 milliliters of hypotonic buffer with a mM concentration of Tris C110, ethylenediaminetetraacetic acid (EDTA) 1, pH 7.5. Bound and free ligand were separated by filtration over glass fiber filters (Whatman GF/C) followed by an additional wash of 10 ml. Radioactivity retained on the filters was quantified by gamma counting; replicate variation was < 5 % . Nonspecific binding was defined experimentally as radiolabel bound in the presence of 10~6 M d,l propranolol, except values were corrected for the presence of 10" 3 M d,l propranolol when the concentration of radiolabel exceeded 800 pM. Specific binding (total minus nonspecific) accounted for 65% of total ligand bound at 100 pM ICYP. Determinations of agonist affinity were performed by incubating 100 pM ICYP with isoproterenol (10-4 -10-1 0 M) in the presence of 100 ^M GTP. The apparent K D for isoproterenol was 176 ± 47 nM for the 1-isomer and 2,927 ± 296 nM for the d-isomer (n = 3). Propranolol also showed stereo-selectivity, apparent K D being 11 nM for the 1-isomer and 149 nM for the d-isomer. The racemate competed for ICYP with an apparent K D of 16 ± 1 nM (n = 3). The binding of ICYP to myocardial membranes was saturable and of high affinity in both the control and trained states. Scatchard analysis of the data resulted in a single line, with high mean values for r 2 (0.90 ± 0.08) suggesting one class of binding sites. 3 H-quinuclidinyl benzilate (QNB) (30 Ci/mmol; New England Nuclear, Boston, Mass.) was incubated in a final volume of 3 ml with membranes in an equilibrium binding assay for 120-240 minutes at 32° C. Bound and free QNB were separated by filtration over GF/C filters (Whatman). Filters were washed twice with 10 ml of ice-cold Eagle basal medium diluted 1:10 with water. Nonspecific binding, defined as binding of QNB occurring in the presence of 10~6 M atropine, was subtracted from total binding to calculate specific binding. Nonspecific binding was < 10% of total binding at QNB concentrations near its K D . Preliminary experiments demonstrated that binding reached equilibrium by 60 minutes and was stable over a 240-minute period. Binding was fully reversible. Less than 15% of added QNB was bound to receptors.
Data Analysis
Data are expressed as the mean ± 1 SD. Specific measurements before and after training were compared using Student's t test for paired data. The null hypothesis was rejected when p < 0 . 0 5 (two-tailed). Linear regression analyses were performed on the isoproterenol dose-response data, on data relating workload and heart rate, and on data relating degree of /3-receptor down-regulation with heart rate at rest and at maximal exercise and with duration of training. The Pearson product-moment correlation coefficient (r) is reported as a measure of the strength of association between 2 variables. Data from myocardial /3-receptor assay experiments were examined by Scatchard analysis 21 and 
Results

Evidence for Training Effects
Animals showed physiologic adaptations typical of those associated with chronic dynamic exercise (Table  1 ). Resting heart rates and heart rate responses at matched workloads were decreased, and maximal workloads and systemic oxygen consumption were increased. Since matched treadmill speed and grade did not represent matched workloads because of significant weight gain in the trained condition (from 26 ± 5 to 40 ± 7 kg, /?<0.001), the relation between workload and heart rate was compared. Heart rate at 400 KPM/min, which represented a control relative workload of 75%, was significantly reduced following chronic dynamic exercise (Table 1) . Heart rates at 21 % grade and 81 m/min were reduced as well (260 ± 15 vs. 212 ± 12 beats/min, p<0.001). Maximal heart rate also was decreased significantly. The changes in heart rate at rest and at maximal exercise were highly correlated with the amount of /3-receptor down-regulation: for resting heart rate r = 0.90, p < 0 . 0 0 5 ; for maximal exercise heart rate, r = 0.89, /?<0.005. Maximal oxygen consumption increased by 26 ± 14% (p<0.01), and maximal workload more than doubled. The average maximal speed and grade were 81 ± 0 m/min and 24 ± 3% in the control period and 103 ± 5 m/min and 29 ± 1% following exercise training.
Serum catecholamines were not significantly increased in trained animals at near exhaustive effort. Epinephrine levels were 454 ± 386 and 838 ± 834 pg/ml, while norepinephrine levels were 1,007 ± 500 and 2,742 ±3,729 pg/ml before and after training, respectively. The left ventricle to body weight ratios (grn/kg) were not significantly increased compared to mean values in weight-matched sedentary control pigs studied previously in our laboratory (3.8 ± 0 . 7 vs. 3.4 ± 0.3 gm/kg, respectively. 23 
Pharmacologic Testing
Pharmacologic testing revealed significant changes in heart rate response following chronic exercise. Maximal isoproterenol-stimulated heart rate was lower, and the slope of the linear regression equation relating isoproterenol dose and heart rate response was less steep after the exercise period ( Figure 1 ). The intrinsic heart rate decreased from 147 ± 7 to 122 ± 12 beats/ min (p< 0.001), and the heart rate following administration of atropine decreased from 189 ± 21 to 141 ± 9 beats/min (p<0.01) after training.
Receptor Studies
From plots like those shown in Figure 2 , the maximal number of binding sites (B,^) and the affinity constants for ICYP binding (K D ) were determined from right atrial and left ventricular membranes before and after chronic exercise in each of the animals ( Table 2) . These results demonstrated a significant down-regulation of right atrial /3-adrenergic receptors following chronic exercise in all animals with a mean decrease of 42 ± 2 2 % ( p < 0 . 0 2 ; Figure 3 ). Animals trained for longer periods experienced greater down-regulation (56 ±11%) than animals trained for shorter periods (20 ± 10%). The amount of down-regulation was significantly correlated with duration of training Table 2 ). To see if the observed pharmacologic and receptor changes were truly the result of exercise or simply the consequence of maturing, /3-receptor number was determined and the pharmacologic tests repeated in 3 sedentary pigs before and after a 10-week interval ( Table 3 ). No statistically significant change was found in any of these measurements. Maximal isoproterenol stimulated heart rate increased from 235 ± 7 to 251 ± 18 beats/min, and the slope of the linear regression derived from isoproterenol dose-response data increased 66 ± 18 to 84 ± 28. Intrinsic heart rate decreased from 186 ± 12 to 177 ± 17 beats/ min, and /3-adrenergic receptor density increased from 64 ± 10 to 84 ± 20 fmol/mg over the 10-week period.
Discussion
The major new finding of this study was reduced numbers of /3-adrenergic receptors in the right atrium following chronic dynamic exercise. Significant reductions in heart rate responses to exercise and isoproterenol stimulation suggests that the observed downregulation of receptor number is an important mechanism underlying diminished chronotropic responsiveness.
Receptor Changes
Reduction of right atrial /3-adrenergic receptor number was observed in each of the 5 animals following chronic exercise, with a mean reduction of 46 ± 22% (p<0.02). The extent of down-regulation was related directly to the duration of training (r = 0.87;/? < 0.01). This is the first demonstration of decreased myocardial /3-adrenergic receptor number following chronic exercise.
Previous work on the effects of exercise training on myocardial /3-receptor number, 10 "-24 -25 while carefully performed, has two major limitations. First, these studies did not look at myocardial receptor number before and after exercise in the same animal but compared separate groups of control and trained animals. Because of individual variation in receptor number, such studies are more prone to type II statistical errors. Second, since most previous studies examined homogenates of whole heart or left ventricle rather than right atrium, they may have missed important changes present only in the atria. It was our belief that /3-receptors in the region of the sinus node would be most tightly linked to chronotropic response. Williams et al 25 examined the atria from swimming-trained female rats in a cross-sectional manner but noted no difference in number of binding sites between the 2 groups of animals. However, this result may represent a difference be- tween species, the type or extent of training, or a type II statistical error.
Small reductions in ventricular /3-receptor number may have gone undetected because of our small sample size and the inherent limitations of radioligand binding techniques. However, there are other possible explanations why this study (and others) have failed to find such changes in the ventricle following chronic exercise. For example, basic differences in innervation between atrium and ventricle may have influenced the extent of adrenergic receptor regulation. Adrenergic nerve terminals are more numerous in atrial than ventricular myocardium. 26 Different responses of/3-adrenergic receptors in atrium and ventricle may reflect less neurotransmitter release in the ventricle and therefore less receptor down-regulation. Such speculation implies that the level of circulating catecholamines is not as important in receptor regulation as local transmitter release. Also, since the atrium has more cholinergic innervation than the ventricle, increased local concentrations of acetylcholine may have influenced /3-receptor number. A recent study showed down-regulation of /3-receptor number in tissues incubated with carbachol, a muscarinic cholinergic agonist. 27 
Heart Rate at Rest and Maximal Exercise
The dependence of training-associated resting bradycardia on a normally innervated myocardium 2 implies an important central component for the bradycardia but does not distinguish between sympathetic or parasympathetic mechanisms. The current study cannot discern the relative importance of increased parasympathetic tone or decreased adrenergic response with respect to resting bradycardia. However, the QNB binding data suggests that a change in the number of muscarinic cholinergic receptors in the right atrium does not cause training-associated resting bradycardia. Finally, the amount of /3-receptor down-regulation was significantly correlated with the reduction in both resting and maximal exercise heart rates, suggesting that right atrial /3-receptor number and heart rate responses are closely linked.
Heart Rate Response to Isoproterenol
It can be argued that changes in chronotropic sensitivity to isoproterenol stimulation reflect variable blood pressure responses and, therefore, variable re-flex modulation before and after exercise training. Although blood pressure response during isoproterenol testing was not monitored, previous data suggest an increased vasodilator response to catecholamines in trained compared to sedentary animals. 2829 This would serve as an added chronotropic stimulus by reflex vagal withdrawal at the sinus node, thus underscoring our finding of reduced isoproterenol sensitivity in the trained state. Furthermore, data from the maximal exercise studies, where vasodilation in exercising muscle beds is maximal, suggest that diminished chronotropic responsiveness is independent of variations in peripheral vascular tone.
Other investigators studying the chronotropic sensitivity to pharmacologic stimulation following chronic exercise have not detected significant alterations. 24 ' 30 Both studies showed a tendency toward a decreased responsiveness in trained subjects, but because of individual variability in responses, differences were not statistically significant. Our study has circumvented many of these problems by examining animals in a longitudinal fashion and examining the entire isoproterenol dose-response relation rather than responsiveness to a single dose.
Limitations of Study
Limited amounts of tissue precluded adenylate cyclase stimulation studies and competition experiments in the absence of guanosine triphosphate (GTP). It is possible that decreased chronotropic responsiveness was due to uncoupling of receptors from the regulatory protein or to a change in hormonal responsiveness of adenylate cyclase, independent of receptor number. However, the close correlation between receptor number and chronotropic response favors the interpretation that receptor number and chronotropic response are tightly linked.
Since initial biopsy samples from the sinoatrial node sufficiently large to perform radioligand assays would have destroyed sinus rhythm, the assumption was made that /3-receptor number in the right atrium would reflect /3-receptor number in the sinoatrial node. Betareceptor number in these 2 regions may, however, be under separate control. Nevertheless, since adrenergic nerve terminals are denser in the sinoatrial node than elsewhere in the atrium and since all measures of chronotropic response were decreased following train-ing, the inference that sinoatrial node /3-receptor number decreased seems reasonable.
It is possible that the observed down-regulation of /3-adrenergic receptor number was caused simply by internalization of receptors, as has been described following agonist infusion, 31 and that similar changes may have occurred following a single exercise bout. However, post-training tissue demonstrating downregulation was obtained 72-96 hours after the last exercise bout, a period of time sufficient to allow internalized receptors to return to the cell surface. 31 Therefore, our data suggest that receptor down-regulation occurred by an alteration in the synthesis or degradation of receptor protein.
Conclusions
In this study, chronic dynamic exercise decreased /3adrenergic receptors in the right atrium of pigs. This finding was associated with decreased chronotropic responsiveness to isoproterenol stimulation in the trained state, as well as reduced resting, submaximal, and maximal chronotropic responses to exercise. These data offer compelling evidence linking /3-adrenergic receptor down-regulation with training-associated decreases in heart rate.
